Secreted phosphoprotein 1 (SPP1, commonly referred to as osteopontin and formerly known as bone sialoprotein 1, early Tlymphocyte activation 1) is an extracellular matrix/adhesion molecule that is upregulated in the pregnant uterus of all mammals examined to date. This study focused on the pig, which has true epitheliochorial placentation and exhibits induction of SPP1 mRNA in luminal epithelium (LE) just before conceptus attachment and in glandular epithelium (GE) after Day 30 of pregnancy. The objective of this study was to determine steroid regulation of SPP1 mRNA and protein in porcine uterine epithelium. To examine the effect of estrogen, cyclic gilts were treated daily (Days 11-14) with 5 mg estradiol benzoate (i.m.) and hysterectomized on Day 15. To evaluate the long-term effect of pseudopregnancy, cyclic gilts were given daily injections (Days 11-15) with steroid as above and hysterectomized on Day 90. In situ hybridization showed high expression of SPP1 mRNA only in LE contiguous with apposing conceptus tissue on Day 15 of pregnancy. In contrast, estrogen injection resulted in moderate but uniform SPP1 mRNA in all LE of Day 15 nonpregnant gilts, with expression maintained through Day 90 of pseudopregnancy. SPP1 mRNA also localized to the GE of Day 90 pseudopregnant gilts, similar to expression in late gestation. Consistent with in situ hybridization results, SPP1 protein localized to the apical surface of LE in all estrogentreated gilts and in the GE on Day 90 of pseudopregnancy. We conclude that, in pregnant pigs, SPP1 is induced by conceptus estrogen in uterine LE and is regulated in GE in a manner coincident with CL/placental progesterone production.
INTRODUCTION
Secreted phosphoprotein 1 (SPP1, commonly referred to as osteopontin and formerly known as bone sialoprotein 1, early T-lymphocyte activation 1) is an extracellular matrix (ECM) protein and integrin ligand that is abundantly expressed within the conceptus-maternal environment of pregnancy in numerous species. A member of the small integrin-binding ligand, Nlinked glycoprotein (SIBLING) family of genetically related proteins that contain an Arg-Gly-Asp (RGD) binding site [1] , SPP1 is entirely flexible in solution, a characteristic of proteins that have multiple binding partners [2] . Indeed, through the RGD and other binding sites, SPP1 interacts with several factors, including integrins, CD44, and complement factor H, as well as transglutaminase-mediated cross linking with itself to modify cell-cell and cell-matrix adhesion, and cell signaling, migration, survival, and proliferation [3] [4] [5] [6] [7] . Significantly, SPP1 undergoes extensive posttranslational modification resulting in multiple forms, which separately have immune, adhesion, migration, and proliferation functions [8, 9] . In addition, SPP1 binds to and alters the activity of matrix metalloproteinase3 (MMP3), an enzyme extensively involved in tissue remodeling [10] . Collectively, these properties allow SPP1 to influence a diverse array of physiological processes, including bone mineralization, cancer metastasis, cell-mediated immune responses, inflammation, and angiogenesis. Because the critical events of implantation and placentation involve extensive tissue remodeling at the maternal-fetal interface characterized by elements of inflammation, angiogenesis, and cell proliferation/migration/attachment/survival, SPP1 is of interest as a mediator of successful pregnancy.
Recent studies strongly suggest that SPP1 is a critical component of pregnancy [9] , and significant increases in uterine expression have been observed in pigs, sheep, goats, rabbits, rats, mice, and humans [11] [12] [13] [14] [15] [16] [17] [18] . Multiple integrin receptors for SPP1 are present on trophectoderm and luminal epithelium (LE) of humans, rodents, and domestic animals, some of which increase during the peri-implantation period [19] [20] [21] . Ovine and porcine trophectoderm and LE cells show evidence of integrin-receptor activation and cytoskeletal reorganization in response to SPP1 binding in vitro [13, 22] . Significantly, disruption of the Spp1 gene in mice decreases the number of pregnancies that are maintained through midgestation, and Spp1 null embryos are significantly smaller than wild-type counterparts at term [23] . Finally, localization of the SPP1 gene within the 95% confidence interval of putative quantitative trait loci for litter size and prenatal survival (correlated to birth weight) suggests roles for SPP1 in porcine pregnancy [24] .
Previous work has defined the temporal and spatial expression of SPP1 mRNA and protein during pregnancy in the pig uterus. Total endometrial SPP1 mRNA increases 20-fold between Days 25 and 85 of pregnancy [13] . In contrast with humans and sheep, pigs express the SPP1 gene directly in the LE beginning on Day 12, whereas SPP1 mRNA is not induced in the glandular epithelium (GE) until between Days 30 and 35 of pregnancy [13, 25, 26] . Expression is then maintained in both LE and GE throughout gestation, resulting in SPP1 protein along the entire maternal and fetal components of the true epitheliochorial placenta [13] . Therefore, it is plausible that SPP1 released from LE binds integrin receptors on trophectoderm and LE to mediate elongation and attachment for implantation, and SPP1 secreted from GE is transported as histotroph to the fetal-placental unit to support development throughout gestation. Indeed, SPP1 protein at the maternalfetal interface has the potential to affect attachment and communication between these tissues because in vitro incubation of SPP1-coated beads with porcine trophectoderm and LE cells results in RGD-dependent integrin activation and transmembrane assembly of cytoskeletal molecules at the apical cell surface, known as focal adhesions, in both cell types [13] .
The pattern of uterine SPP1 gene expression in LE and GE suggests complex regulation in pigs. While the temporal and spatial pattern of SPP1 mRNA and protein expression in the uterus of the pig has been established, the hormonal regulation of this molecule in LE and GE remains to be defined. Induction of SPP1 in GE appears similar to that observed in sheep and humans in response to progesterone; however, this induction is delayed to Day 35 of pregnancy in the pig [13] . Further, SPP1 mRNA expression is induced immediately preceding attachment in Day 12 pregnant LE when conceptuses secrete estrogen, the pregnancy-recognition signal in the pig, and other growth factors, which suggests direct conceptus influence that is not evident in other mammals [13] . Therefore, we hypothesized that conceptus trophectoderm secretes a factor (steroid or protein) that induces expression of the SPP1 gene in LE and that long-term progesterone release from the corpora lutea supports induction of SPP1 from GE. The present studies used estrogen-treated nonpregnant pigs (i.e., pseudopregnant animals) to determine the hormonal regulation of uterine SPP1 and evaluated the contribution of the conceptus and corpus luteum to SPP1 expression. The results described are critical to understanding the role(s) of SPP1 in uterine physiology and may offer insight into development of SPP1-based strategies to enhance or regulate fertility in domestic animals and humans.
MATERIALS AND METHODS

Animals and Tissue Collection
All experimental and surgical procedures complied with the Guide for Care and Use of Agriculture Animals and were approved by the Institutional Agricultural Animal Care and Use Committee of Texas A&M University.
Effects of steroids and the conceptus on uterine SPP1 mRNA and protein expression in the pig were determined using a previously validated pseudopregnancy model [27] . Sexually mature crossbred gilts were observed daily for estrous behavior through direct exposure to intact boars. Gilts exhibiting at least two estrous cycles of normal duration (18-21 days) were randomly assigned on Day 0 (estrus/mating) to pseudopregnant or pregnant status. Gilts for pseudopregnancy received i.m. injections of estradiol benzoate (5 mg in 5 ml of corn oil/day) or corn oil alone (n ¼ 4/treatment) on Days 11, 12, 13, and 14 of the estrous cycle. Gilts for pregnancy (n ¼ 4) were mated to crossbred boars. All gilts were then ovariohysterectomized on Day 15 of pseudopregnancy or pregnancy. Pregnancy was confirmed by the presence of normal-appearing conceptuses in uterine flushings.
To evaluate the effects of long-term pseudopregnancy on uterine SPP1 mRNA and protein expression during late gestation, cycling gilts were randomly assigned on Day 0 (estrus/mating) to pseudopregnant or pregnant status. Long-term pseudopregnancy was induced in gilts (n ¼ 3) through i.m. injections of estradiol benzoate (5 mg in 5 ml of corn oil/day) on Days 11, 12, 13, 14, and 15 of the estrous cycle. Gilts (n ¼ 3) were mated to crossbred boars to establish pregnancy. Gilts were ovariohysterectomized on Day 90 of pseudopregnancy or pregnancy.
At hysterectomy, several sections (;0.5 cm) from the middle of each uterine horn were fixed in fresh 4% paraformaldehyde in PBS (pH 7.2) and embedded in Paraplast-Plus (Oxford Laboratory, St. Louis, MO). Several sections from each uterine horn were also embedded in Tissue-Tek Optimal Cutting Temperature (OCT) Compound (Miles, Oneonta, NY), snap frozen in liquid nitrogen, and stored at À808C before sectioning. The remaining endometrium was physically dissected from the myometrium, frozen in liquid nitrogen, and stored at À808C for RNA extraction.
Real Time Reverse Transcription-Polymerase Chain Reaction Analysis
Total cellular RNA was isolated from frozen endometrium using Trizol reagent (Invitrogen, Carlsbad, CA). Concentrations of SPP1 mRNA in endometrium were determined by real-time reverse transcription-polymerase chain reaction (RT-PCR). Primers were created from the porcine SPP1 sequence (GenBank accession number ¼316575) [28] . Reactions contained 20 ll of the following reagents: 0.4 ll of probe from a 10 lM solution (sequence: TGGAAACCCGCAGCCAGGAGCAGTCCAAA; bp 786-814), 0.8 ll of both forward and reverse primers from 10 lM solutions (forward sequence: TTGGACAGCCAAGAGAAGGACAGT, bp 731-754; reverse sequence: GCTCATTGCTCCCATCATAGGTCTTG, bp 827-851), 10.0 ll of RT-PCR master mix (Qiagen), 0.2 ll of reverse transcriptase mix (Qiagen), and 2.8 ll of RNase-free water (Qiagen). Reactions also included 5 ll (25 ng/ll) of total RNA. The probe contained a 5 0 reporter dye (FAM) and 3 0 quenching dye (TAMRA) that allowed amplification of RNA to be evaluated on an ABI PRISM 7700 Sequence Detection System (Applied Biosystems, Foster City, CA). The reaction conditions consisted of 1 cycle to reverse transcribe RNA (508C for 30 min, then 958C for 15 min) followed by 45 cycles to amplify cDNA (948C for 15 sec, then 608C for 60 sec). Appropriate controls were conducted to ensure genomic DNA did not influence the amplification of the template. Following amplification, the RT-PCR product was analyzed on a 2% wt/vol agarose gel to further validate size (121 bp). The relative concentration of SPP1 mRNA was determined in duplicate samples via the comparative C T method as previously described [29] with 18S RNA as the normalization control (18S rRNA Control kit; Eurogentec, San Diego, CA). Data were analyzed by assigning an arbitrary threshold cycle (C T ) to amplification plots, where the C T for a sample was the cycle that its amplification plot crossed the threshold. The C T was assigned in the log-linear range of amplification. The SPP1 DC T was determined by subtracting the 18S C T from the SPP1 C T for each sample assayed. Calculation of the DDC T involved using the highest DC T value as an arbitrary constant to subtract from all other DC T sample values. Fold-changes in gene expression are equivalent to 2 ÀDDCT .
In Situ Hybridization Analysis
SPP1 mRNA was localized in paraffin-embedded porcine uterine tissue by in situ hybridization using methods previously described [30] . Briefly, deparaffinized, rehydrated, and deproteinated uterine cross-sections (;5 lm) were hybridized with radiolabeled antisense or sense porcine SPP1 cRNA probes [31] synthesized by in vitro transcription with [a- 35 S]uridine 5-triphosphate (PerkinElmer Life Sciences, Wellesley, MA). After hybridization, washes, and RNase A digestion, autoradiography was performed using NTB-2 liquid photographic emulsion (Eastman Kodak, Rochester, NY). Slides were exposed at 48C for 5 days, developed in Kodak D-19 developer, counterstained with Harris modified hematoxylin (Fisher Scientific, Fairlawn, NJ), dehydrated, and protected with cover slips.
Immunofluorescence Analysis
SPP1 protein was localized in frozen uterine cross sections (;8-10 lm) by immunofluorescence staining as previously described [32] . Briefly, tissues were fixed in À208C methanol, washed in PBS containing 0.3% vol/vol Tween 20 in PBS, blocked in 10% vol/vol normal goat serum, and incubated overnight at 48C with 2 lg/ml of a cocktail of rabbit anti-human recombinant osteopontin (LF-123 and LF-124) [33] or rabbit IgG (negative control). Tissue-bound primary antibody was then detected with fluorescein-conjugated goat antirabbit IgG (Chemicon International, Temecula, CA). Slides were overlaid with Prolong antifade mounting reagent (Molecular Probes, Eugene, OR) and a cover glass.
Photomicrography
Digital photomicrographs of in situ hybridization (autoradiographic film overviews, as well as representative bright-field and dark-field images of liquid emulsion autoradiography) and immunofluorescence staining were evaluated using an Axioplan 2 microscope (Carl Zeiss, Thornwood, NY) interfaced with an Axioplan HR digital camera and Axiovision 3.0 software. Photographic plates were assembled using Adobe Photoshop (version 6.0, Adobe Systems Inc., San Jose, CA).
Statistical Analysis
Changes in concentrations of SPP1 mRNA were quantified by evaluating effects of reproductive status (Day 15 cyclic treated with corn oil, Day 15 cyclic
in a randomized block design using a mixed model procedure (Proc Mixed procedure; SAS Inst. Inc., Cary, NC), and reproductive status was included in the model as a fixed effect. Significant treatment effects were separated using a Student t-test with the PDIFF procedure of SAS (SAS Inst. Inc.).
RESULTS
Expression of SPP1 mRNA in Total Endometrium
The experimental design used estrogen-treated nonpregnant pigs to gain insight into the hormonal regulation and conceptus contribution to uterine SPP1 expression. Expression of SPP1 was minimal in corn oil-treated Day 15 cyclic gilts, and this expression was set as the baseline for comparing fold differences reported in Table 1 . 
Localization of SPP1 mRNA Within Endometrial Epithelium
Differences in SPP1 expression detected with real-time RT-PCR for Day 15 cyclic, pregnant, and estrogen-treated gilts were further elucidated by localizing SPP1 mRNA in the endometrium using in situ hybridization. Increased SPP1 associated with Day 15 of pregnancy or estrogen treatment was the result of SPP1 mRNA expression in endometrial LE. A strong hybridization signal for SPP1 mRNA was observed in LE in close proximity to conceptus trophectoderm, but was barely detectable or absent in LE without adjacent conceptus tissue on Day 15 of pregnancy (Fig. 1) . In contrast, i.m. injection of estrogen resulted in uniform, albeit moderate, SPP1 mRNA hybridization within the entire LE of Day 15 cyclic gilts (Fig. 1) . SPP1 mRNA was not present in gilts given exogenous corn oil in place of estrogen (Fig. 1) .
The estrogen-induced expression of SPP1 was sustained in the LE through Day 90 of pseudopregnancy (Fig. 2) . SPP1 mRNA was also localized to the GE of Day 90 pregnant and pseudopregnant gilts (Fig. 2) . Therefore, the spatial distribution of SPP1 mRNA in the endometrium of late pseudopregnant gilts was similar to that observed during late gestation of pregnant animals [13] . The significantly less SPP1 mRNA in endometrium of Day 90 pseudopregnant compared with Day 90 pregnant gilts detected with quantitative RT-PCR is likely due to underdevelopment of endometrial glands associated with pseudopregnancy (Fig. 2) . In addition, a previously unreported population of cells distributed within the placenta were observed to express SPP1 mRNA on Day 90 of pregnancy. Similar SPP1-producing cells have been detected in the placenta of sheep and are hypothesized to be of immune cell origin [9] .
Localization of SPP1 Protein Within Endometrial Epithelium
Consistent with in situ hybridization results, low levels of immunoreactive SPP1 protein were localized to the apical LE surface of estrogen-but not corn oil-treated Day 15 cyclic gilts (Fig. 3) . SPP1 protein continued to be detectable on the LE of Day 90 pseudopregnant gilts (Fig. 4) . Similar to in situ hybridization results, immunoreactive SPP1 protein was also present in the endometrial GE of late pseudopregnancy (Fig. 4) .
DISCUSSION
There is substantial correlative evidence to support the hypothesis that SPP1 (commonly referred to as osteopontin) has functions in implantation and placentation of mammalian species. However, the temporal and spatial pattern of SPP1 mRNA and protein expression is complex and species specific. The regulation of uterine SPP1 expression reflects this complexity and differs across species with different types of placentation. These differences may offer key insights into the variation that has evolved in placentation among mammalian species [34, 35] .
Results reported here extend our understanding of the function and regulation of SPP1 in the endometrium of a species with true epitheliochorial placentation. They provide strong evidence that estrogen, secreted by the elongating pig conceptus during pregnancy recognition, either directly or indirectly induces expression of SPP1 in adjacent endometrial LE during the apposition phase of implantation. Additionally, these results are consistent with the idea that progesterone, the hormone of pregnancy, supports SPP1 expression in the endometrial GE that is associated with increasing production of histotroph required for fetal/placental development and growth.
Garlow et al. [13] previously noted an association between the initiation of SPP1 mRNA and protein expression in uterine LE coinciding with conceptus elongation, pregnancy recognition, and early attachment to the uterine wall for implantation and suggested that a paracrine factor from the conceptus may be responsible for this expression event. In the pig, the conceptus secretes estrogen beginning on Days 11 and 12 to signal initiation of pregnancy to the uterus and prevent luteolysis of corpora lutea, as well as to activate a number of endometrial growth factors and cytokine mediators of conceptus attachment and implantation [36] . In addition to estrogen, the elongating conceptus secretes a wide array of growth factors and cytokines, including interleukin-1b, prostaglandin E, Type I and II interferons, and transforming growth factorsb1, 2, and 3 that have been implicated in controlling implantation and early pregnancy events [37] . The current study reveals that estrogen regulates SPP1 expression in LE. It is not known whether estrogen acts directly on LE to induce SPP1 or whether it acts indirectly through another uterine factor(s). A direct effect cannot be ruled out because the rat and mouse Spp1 promoters have an SF1 response element (SFRE) that is activated by estrogen receptor alpha [38] . The pig SPP1   FIG. 2 . In situ hybridization analysis of SPP1 mRNA in cross sections of porcine uteri collected from Day (D) 90 pregnant (P) and pseudopregnant (PsP) gilts. Corresponding bright-and dark-field images of representative cross sections of Day 90 pseudopregnant and Day 90 pregnant endometrium are shown. Refer to Figure 1 for an example of representative negative control (Sense). Note that the pattern of SPP1 mRNA expression in the endometrial epithelium of pseudopregnant gilts is similar to that for pregnancy. Contrary to a previous report, SPP1 mRNA was detected in the porcine placenta [13] . LE, luminal epithelium; ST, maternal stroma, GE, glandular epithelium. Width of each field, 870 lm.
FIG. 3.
Immunofluorescence localization of SPP1 protein in frozen sections of endometrium from estrogen-and corn oiltreated Day 15 cyclic gilts. Tissues were immunostained using a cocktail of polyclonal rabbit anti-human osteopontin IgG (LF-123 þ LF-124) [31] . SPP1 was present on the apical surface of LE from estrogenbut not corn oil-treated gilts. Normal rabbit serum (NRS) serves as a negative control. Width of each field is 540 lm 1298 promoter has a Sp1 binding sequence and AP1 site [39] , and estrogen receptor alpha is located within LE that also expresses SPP1 [40] .
The restriction of SPP1 mRNA to LE near the conceptus of Day 15 pregnant gilts is likely due to sulfatase activity of trophectoderm. During pregnancy, pig endometrium rapidly converts estradiol to the biologically inactive estrone sulfate, and concentrations of estrone sulfate are high within the uterine lumen of pregnant pigs [41] [42] [43] . Trophectoderm has sulfatase activity that restores the biological activity of estrogen, allowing for a localized effect of estrogen to induce SPP1 mRNA in LE of pregnant gilts. However, systemic estrogen is not affected by sulfatase activity within the uterine lumen and therefore has a more uniform action on the uterus causing expression of SPP1 throughout the entire LE of estrogen treated cyclic gilts. It is intriguing that SPP1 continues to be expressed in the LE of pseudopregnant pigs through Day 90, even though injections of estrogen were not given after Day 15. Either the conceptus release of estrogen during the periimplantation period is sufficient alone or other factors are necessary to maintain SPP1 expression in LE throughout gestation.
Earlier work in the pigs identified SPP1 expression by GE after Day 30 of pregnancy with a marked increase between Days 40 and 85 [13] . The current study reveals that SPP1 is present in the GE of Day 90 pseudopregnant pigs, suggesting that maintenance of corpus luteum progesterone secretion may, at least in part, be responsible for induction of SPP1 in GE. These results are not surprising because progesterone also regulates GE expression of SPP1 in sheep and rabbits [15, 44] , as well as SPP1 synthesis by human Ishikawa cells [26] . However, other hormones, such as prolactin, placental lactogen, and growth hormone, may work in conjunction with progesterone to regulate GE expression of SPP1. Ovariectomized ewes treated with progesterone and placental lactogen exhibit increased GE development and SPP1 mRNA expression over ovarictomized ewes treated with progesterone alone [45] . It should be noted that effects of prolactin on SPP1 expression in pseudopregnant pigs cannot be ruled out because pseudopregnant pigs and pregnant pigs have similar concentrations of prolactin [46] . It is not known why SPP1 increases in the GE of pigs at significantly later stages of pregnancy than is observed for sheep and rabbits. Similar to SPP1, other constituents of histotroph in pigs, including uteroferrin and keratinocyte growth factor, are expressed in GE, with synthesis increasing after Day 35 of pregnancy [47] [48] [49] . Histotroph supplies nutrients to the conceptus, which may be essential in pigs that have greater separation of maternal and fetal blood supplies than species with more invasive placentation [47, 50, 51] . Indeed, the pig placenta is unique in the formation of chorionic structures, termed areolae, around the mouth of uterine glands for the uptake of these uterine secretions after Day 30 of pregnancy. Histotroph secretions increase after Day 30 of pregnancy in the pig and are regulated predominately by progesterone [52] .
Although significant progress has been made toward deciphering the mechanism(s) through which progesterone influences uterine GE development, these processes are poorly understood in pigs. In sheep, it is known that GE upregulation of SPP1 coincides with the progesterone-induced downregulation of progesterone receptor (PR) after Days 11 and 12 of pregnancy [44] . Further, maximal SPP1 mRNA expression in GE is attained after sequential exposure to interferon-s, progesterone, and placental lactogen in what has been termed a servomechanism [45] . In pigs, however, induction of SPP1 in GE is delayed over 20 days after the initial downregulation of PR, and a similar servomechanism has not been defined [13] . The idea that progesterone regulates SPP1 by downregulating its own receptor in GE cannot be ruled out because the amount of total PR mRNA in the uteri of pregnant pigs decreases between Days 30 and 45 of pregnancy, although the uterine cell-specific expression of PR during this time is not known [48] . Clearly, it is important that future studies determine the physiological, cellular, and molecular interactions between cell types within the uterine endometrium responsible for the delay in histotroph production by GE, including SPP1, until after Day 30 of pregnancy in the pig. SPP1 in the pig offers an excellent model to study these mechanisms because of its regulated and prominent GE expression in a species that depends significantly on histotroph throughout pregnancy.
In situ hybridization for SPP1 in uterine/placental cross sections from Day 90 pregnant pigs showed intense hybridization in a population of unidentified cells within the placenta. Surprisingly, these cells were not observed in a previous study [13] , and it has been erroneously reported that, although SPP1-producing immune cells are present in the ovine placenta, SPP1 mRNA is not present in porcine placental tissues [9] . In this earlier publication, it was hypothesized that SPP1 was expressed by placental immune cells in sheep [9, 53] . Therefore, it is possible that SPP1 is a product of placental immune cells of both sheep and pigs, and by inference, this may also be the case in other species.
Collectively, these results strongly support the idea that conceptus estrogen induces SPP1 mRNA in endometrial LE during the peri-implantation period, resulting in SPP1 protein at the apical surface of the maternal/fetal interface. SPP1 protein can then cross-link with itself and other molecules potentially influencing conceptus trophectoderm and uterine LE adhesion, signal transduction, cell migration, and tissue remodeling, as well as alter immune cell migration and function at implantation sites. In addition, progesterone may regulate expression of SPP1 in GE after the peri-implantation period, and uterine secretions, including SPP1, provide nutrients to sustain conceptus survival and growth. It is becoming increasingly clear that, despite species differences in steroid regulation of cell-specific SPP1 mRNA, the presence of SPP1 protein at the conceptus-maternal interface is maintained   FIG. 4 . Immunofluorescence localization of SPP1 protein in frozen sections of endometrium from Day 90 pseudopregnant gilts. Tissues were immunostained using a cocktail of polyclonal rabbit anti-human osteopontin IgG (LF-123 þ LF-124) [31] . Note that SPP1 was present on the apical surface of LE and in GE. Normal rabbit serum (NRS) serves as a negative control. Width of each field is 540 lm throughout pregnancy and is observed in multiple mammalian species regardless of placental structure. This striking conservation across various forms of placentation suggests that SPP1 provides functions during pregnancy that have withstood the remarkable evolutionary selection that is a hallmark of mammalian pregnancy and placentation.
